Hyperhomocysteinemia (HHcy) is prevalent in patients with hypertension and is an independent risk factor for aortic pathologies. HHcy is known to cause an imbalance between matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs), leading to the accumulation of collagen in the aorta and resulting in stiffness and development of hypertension. Although the exact mechanism of extracellular matrix (ECM) remodeling is unclear, emerging evidence implicates epigenetic regulation involving DNA methylation. Our purpose was to investigate whether 5-aza-2=-deoxycytidine (Aza), a DNA methyltransferase (DNMT1) inhibitor, reduces high blood Aortic disease is one of the most prevalent causes of increased mortality in the world (1-3). Several risk factors, including hyperglycemia, high serum cholesterol, and an elevated level of homocysteine (Hcy), known as hyperhomocysteinemia (HHcy), are associated with aortic aneurysm and atherosclerosis (4, 5). The vascular pathology associated with HHcy is characterized by excess extracellular matrix (ECM) turnover, causing increased deposition of collagen, leading to vessel stiffness (6, 7). Under physiological conditions, ECM homeostasis is maintained by the equilibrium between matrix metalloproteinases (MMPs) and their inhibitors, tissue inhibitors of metalloproteinases (TIMPs). A previous study has demonstrated that HHcy increases the expression and activity of MMP9 and causes matrix degradation and accumulation of collagen in the ECM (8).
ation: DNMT1 is involved in maintenance methylation, and DNMT3a and -3b catalyze de novo methylation (16) . Current research is focusing on the use of DNMT inhibitors in several disease conditions. Decitabine or 5-aza-2=-deoxycytidine (Aza), a DNMT1 inhibitor, has been approved by the U.S. Food and Drug Administration (FDA) for treatment of myelodysplastic syndrome (MDS). Other inhibitors, such as Vidaza (5-aza cytidine) are currently in phase 2 and 3 cancer trials (17) .
The purpose of the present study was to investigate the role of DNA methylation in aortic ECM remodeling and vascular dysfunction in HHcy-associated hypertension. We hypothesized that increased levels of Hcy and DNMT1 result in adverse ECM remodeling and endothelial dysfunction, leading to arterial hypertension. We also examined whether the DNMT1 inhibitor Aza could modulate ECM metabolism enzymes to mitigate hypertension. We report that Aza treatment in HHcy mice protects the aorta by regulating the epigenetic mechanism of genes involved in ECM metabolism.
MATERIALS AND METHODS

Antibodies and reagents
Monoclonal antibodies DNMT1, methylenetetrahydrofolate reductase (MTHFR; mouse) MMP9, TIMP1, and Hcy (rabbit) were purchased from Abcam (Cambridge, MA, USA), and the mouse polyclonal antibody S-adenosyl homocysteine hydrolase (SAHH) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The following secondary fluorescent antibodies were used: Texas Red anti-rabbit and Alexa Fluor 488 anti-mouse (Invitrogen, Carlsbad, CA, USA).
Animal models
Male C57BL/6J (wild-type; WT) and cystathionine ␤-synthase heterozygous knockout (CBS ϩ/Ϫ ; B6129P2) mice, aged 8 -12 wk were obtained from Jackson Laboratories (Bar Harbor, ME, USA). The disruption of the CBS gene in the heterozygous model results in mild HHcy. All mice were fed standard chow (LabDiet 5010; LabDiet, St. Louis, MO, USA) and water ad libitum. The WT and CBS ϩ/Ϫ mice were treated with Aza (Sigma-Aldrich, St. Louis, MO, USA) for 4 wk by intraperitoneal injection (0.5 mg/kg body weight; 3 consecutive times every week). Control animals received saline injections only. The animals were divided into 4 groups: WT, WT treated with Aza (WTϩAza), CBS ϩ/Ϫ , and CBS ϩ/Ϫ treated with Aza (CBS ϩ/Ϫ ϩAza). At least 4 animals (nՆ4) were used in each group. All procedures were performed according to U.S. National Institutes of Health guidelines and approved by the Institutional Animal Care and Use Committee of the University of Louisville School of Medicine.
Blood pressure (BP) measurements
BP was measured in conscious mice by the noninvasive tail cuff method (CODA; Kent Scientific, Torrington, CT, USA). The animals were allowed to acclimatize in the restraining chambers on a warm platform for short periods (20 -30 min) for a few days before data were recorded. Under standard conditions (room temperature, lighting, and quiet surroundings), weekly BP was recorded before and after Aza treatment commenced, including systolic, diastolic, and mean pressures.
Ultrasound
With the mice under isoflurane anesthesia, ultrasound of the aorta was performed with the Vevo 2100 system (Visual Sonics, Toronto, ON, Canada), before and after Aza treatment. The thoracic and abdominal areas were depilated, and the animal was placed supine on a warm platform (37°C). A Vevo MS550D (22-55 MHz) transducer (Viual Sonics) was used to image the thoracic and abdominal aorta. Crosssectional images of the aorta in B mode were used to measure wall thickness and lumen diameter to obtain the wall-tolumen ratio. Peak systolic velocities (PSVs) and end-diastolic velocities (EDVs) were measured in pulsed-wave Doppler mode. The resistive index (RI) was calculated as RI ϭ (PSV Ϫ EDV)/PSV.
Plasma Hcy levels
Plasma Hcy levels were analyzed by using HPLC-UV (18 -20) .
Vascular reactivity studies with aortic rings
Aortic ring preparation
Thoracic aortas were extracted from euthanized mice and immersed in Krebs solution (pH 7.4, 37°C) containing (in mM) 118 NaCl, 4.7 KCl, 2.5 CaCl 2 , 1.2 KH 2 PO 4 , 1.2 MgSO 4 , 12.5 NaHCO 3 , and 10.9 d-glucose. Aortic rings were prepared by cutting 2-mm-wide segments and mounting them with 2 tungsten wire triangles (0.002 inch diameter; Scientific Instruments Services, Ringoes, NJ, USA) in a tissue myobath (Radnoti, Monrovia, CA, USA) that was continuously aerated with 95% O 2 -5% CO 2 . The rings were stretched to develop 0.5 g optimal resting tension and equilibrated for an hour to obtain baseline measurements with a DigiMed Tissue Force Analyzer (Micromed, Louisville, KY, USA; ref. 21 ).
Response to phenylephrine (Phe), acetylcholine (Ach), and sodium nitroprusside (SNP)
After a baseline recording was acquired, vasoconstriction was studied by adding different concentrations of Phe from 10 Ϫ6 to 10 Ϫ2 M to the organ bath to make a final concentration of 10 Ϫ9 to 10 Ϫ5 M, respectively. Once maximal constriction was reached at 10 Ϫ5 M Phe, Ach was added to the organ bath in a similar manner, in gradually increasing concentrations, to detect endothelium-dependent vasorelaxation. The tissue rings were washed with fresh Krebs solution and preconstricted with a maximum dose of Phe, followed by 10 Ϫ5 M SNP, to study endothelium-independent vasorelaxation. The tissue responses were recorded for 10 min for each drug concentration with DMSI-410 1.8.27 software (Micromed).
Cryosectioning
Aortic tissue was cryopreserved in Peel-A-Way disposable plastic tissue-embedding molds (Polysciences, Inc., Warrington, PA, USA) containing tissue-freezing medium (Triangle Biomedical Sciences, Durham, NC, USA). The tissues were stored at Ϫ80°C until use. Serial sections of 7 m thickness were made on a Cryocut (CM 1850; Leica Microsystems, Buffalo Grove, IL, USA). The cryosections were placed on Superfrost Plus microscope slides (Thermo Fisher Scien-tific, Pittsburgh, PA, USA), air dried, and stored at Ϫ80°C until further use. 
Collagen staining
Immunohistochemistry
Immunofluorescence staining was performed on 7-m-thick aortic sections with anti-MTHFR, -MMP9, -TIMP1, -SAHH, -DNMT1, and -Hcy antibodies. Images were captured by confocal microscope (Olympus FluoView1000; B&B Microscope) and analyzed by Image Proplus 7.0 software (Media Cybernetics, Inc., Rockville, MD, USA).
Quantification of 5-methylcytosine (5-mC)
Genomic DNA was extracted from the aorta, and the amount of 5-mC was measured by ELISA, according to the manufacturer's instructions (Zymo Research Corp., Irvine, CA, USA). Values are presented as means Ϯ sem as a percentage of 5-mC.
Statistical analysis
Statistical analysis was performed with Primer of Biostatistics 7.0 (McGraw-Hill, New York, NY, USA). One-way analysis of variance (ANOVA) followed by Bonferroni correction was used for comparison between the experimental groups. Differences were considered significant when P Ͻ 0.05. Values are presented as means Ϯ sem (nՆ4).
RESULTS
Effect of Aza on physiological parameters
The body and heart weights of the CBS ϩ/Ϫ (HHcy) mice were lower than in the WT groups (Fig. 1A, B) . A significant increase was noted after Aza treatment. The plasma Hcy level (Fig. 1C ) and baseline systolic, diastolic, and mean BP ( Fig. 2A-C) in the CBS ϩ/Ϫ mice were higher than those in the WT groups. After 4 wk of Aza treatment, a significant decrease was observed in both Hcy level and BP parameters.
Wall-to-lumen ratio and RI
HHcy is known to cause aortic vessel remodeling. To analyze the structural changes in the aorta, we measured the lumen diameter and wall thickness of the ascending aorta and lumen diameter of the abdominal aorta. The wall-to-lumen ratio of the ascending aorta in the CBS ϩ/Ϫ mice increased compared with that in the WT groups (Fig. 3A, B) . Similarly, the diameter of the abdominal aorta in the CBS ϩ/Ϫ mice decreased significantly more than in the WT and WTϩAza mice (Fig.  4A, B) . After Aza treatment, the wall-to-lumen ratio of the ascending aorta decreased, and the lumen diameter of the abdominal aorta increased in the CBS 
Aortic response to Phe, Ach, and SNP
To evaluate the effect of Aza on aortic function, we measured the response of aortic rings from the experimental groups to vasoconstriction and vasorelaxation by applying Phe and Ach, respectively, in a dosedependent manner. Aorta from CBS ϩ/Ϫ mice was nearly 3-and 7-fold less responsive to Phe (Fig. 5A ) and the vasodilator Ach (Fig. 5B) , respectively, compared to the responses in the WT groups. Similarly, endothelium-independent relaxation in response to the maximum concentration of SNP decreased by 3-fold (Fig.  5C ) in the CBS ϩ/Ϫ mice compared to that in the WT groups. Aza treatment restored the aortic response to Phe, Ach, and SNP to levels similar to those in the WT groups.
Effect of Aza on collagen deposition
Collagen deposition was quantified in the aorta as an indication of vascular stiffness. The WT groups, without or with Aza, showed normal blue intensity, whereas increased intensity was observed in the CBS ϩ/Ϫ mice, suggesting increased collagen deposition in the adventitia (Fig. 6A, B) . Aza treatment reduced total collagen content by 2.4-fold compared to that in the untreated control. Under a polarized light filter, the Picrosirius red stain shows type I collagen as yellow and type III as green (Fig. 7A) . Type I and III collagen from the WT mice without Aza treatment was considered normal and was used for further analysis. Aortas from the WT ϩ Aza group did not differ from the control aortas ( Fig.  7A-C) . In contrast, the CBS ϩ/Ϫ mice showed a 3.8-fold increase in type I and a 4.5-fold increase in type III collagen compared with levels in the untreated WT mice (Fig. 7B, C) . After treatment with Aza in the CBS ϩ/Ϫ mice, type I collagen decreased by 2-fold and type III by 1.5-fold compared with levels in the untreated CBS ϩ/Ϫ mice (Fig. 7B, C) .
DNMT1 inhibition decreases ECM remodeling and Hcy synthesis and triggers Hcy remethylation
To examine the effects of Hcy and Aza treatment on the expression of proteins involved in Hcy metabolism, we measured the expression of MTHFR, SAHH, and Hcy by immunohistochemistry. There was an 8-fold increase in Hcy and a 2-fold increase in SAHH expression (Fig. 8A, B) in the CBS ϩ/Ϫ mice when compared to that in the WT groups. MTHFR expression was decreased by 1.5-fold in the CBS ϩ/Ϫ mice (Fig. 8A , B) compared with that in the WT groups. These results suggest an up-regulation of Hcy synthesis and accumu- lation and down-regulation of the Hcy remethylation pathway in the CBS ϩ/Ϫ mice. Aza treatment decreased the expression of Hcy and SAHH and increased MTHFR in the CBS ϩ/Ϫ mice which were similar to the WT controls. To evaluate the expression of ECM remodeling genes, we measured the expression of MMP9 and TIMP1. There was a 3-fold increase in MMP9 and 2.6-fold increase in TIMP1 in the CBS ϩ/Ϫ mice (Fig. 8C,  D) , compared to that in the WT control. Following Aza treatment, their levels declined and were similar to those in the WT groups.
Global DNA methylation in HHcy
To better understand the effect of HHcy on maintenance methylation, we measured the expression of DNMT1 in all the groups. There was a 3-fold increase in DNMT1 expression in the CBS ϩ/Ϫ mice compared with expression in the WT controls, which was improved by Aza treatment (Fig. 9) . To determine the overall methylation levels in aorta during HHcy, we measured 5-mC from the extracted DNA. As shown in Fig. 10 , we observed a significant increase in methylation levels in the CBS ϩ/Ϫ mice compared to those in the WT groups. Following treatment with Aza, there was a significant reduction in the CBS ϩ/Ϫ group compared with the levels in the control.
DISCUSSION
HHcy plays a critical role in the development of various aortic diseases (23) (24) (25) (26) . HHcy induces the expression of MMPs involved in ECM metabolism, promoting aortic remodeling resulting in arterial hypertension (7) . Epigenetic mechanisms such as DNA methylation are known to control the expression of ECM components (27) . Although various studies report an aberrant DNA methylation pattern in the early stages of atherosclerosis (28) and aortic aneurysm (29) , the role of DNA hypermethylation in aortic remodeling and arterial hypertension in HHcy remains unclear. In the recent years, epigenetic inhibitors have been used as therapeutic agents in various cancer drug trials (17) . Our study provides new insights into the mechanism and the use of epigenetic inhibitors as therapeutic options in hypertension-associated aortic pathologies.
In the present study, we used CBS ϩ/Ϫ mice as an HHcy model. In a previous study, Gupta et al. (30) demonstrated that CBS-deficient mice have a decreased fat mass caused by a reduction in lipogenesis. Our observation of reduced body weight in our CBS ϩ/Ϫ mice supports this earlier finding. Plasma Hcy level is an important predictor of pulse pressure in hypertensive subjects (31). Lim and Cassano (32) reported that a 5 M increase in plasma Hcy caused an increase in systolic and diastolic blood pressure by 0.7/0.5 mmHg in men and 1.2/0.7 mmHg in women. In the present study, increased plasma Hcy in CBS ϩ/Ϫ mice was associated with elevated systolic, diastolic, and mean blood pressures. Evidence from earlier studies suggests that lowering plasma Hcy level by supplemental vitamins like folic acid, B6, and B12 is effective in delaying the formation of atherosclerotic plaques (33) . Our results show that Aza lowered plasma Hcy in CBS ϩ/Ϫ mice to normal levels. During HHcy, the conversion of S-adenosyl methionine to S-adenosyl homocysteine liberates excess methyl groups that are used in methylating substrates including DNA and proteins. Indeed, hypermethylation of gene promoters has been described in hypertension. For example, the sulfatase 1 (SULF1) gene, an endosulfatase, has been reported to be hypermethylated in hypertensive subjects (34) . In this study, Aza treatment in hypertensive CBS ϩ/Ϫ mice restored systolic, diastolic, and mean blood pressures to normal levels, suggesting an important role for hypermethylation in HHcy-associated hypertension.
Excessive accumulation of ECM proteins in HHcy causes hypertrophic vascular remodeling by increasing the wall thickness and decreasing lumen diameter (35, 36) . In the present study, ultrasound examination revealed an increase in the wall-to-lumen ratio of the ascending aorta and a decrease in the lumen diameter of the abdominal aorta in the CBS ϩ/Ϫ mice. In an earlier study from our lab, treatment of CBS ϩ/Ϫ mice with SAHH inhibitor, deazaadenosine (DZA), decreased systolic blood pressure without a change in the aortic wall-to-lumen ratio within the first week (7) . This result suggests that the reduction in systolic blood pressure is sec- ondary structural remodeling (7) . In the present study, Aza treatment decreased BP at 3 wk, suggesting a significant role for the epigenetic mechanism in aortic remodeling during HHcy-induced hypertension. The reduction in blood pressure (systolic, diastolic, and mean) was associated with a reduction in the wall-to-lumen ratio of the ascending aorta and an increase in the lumen diameter of the abdominal aorta. The RI of the aorta was measured as an indication of resistance to blood flow. In an earlier study, a positive correlation was reported for carotid artery RI and atherosclerosis (37) . In our study, increased RI in the CBS ϩ/Ϫ suggested vascular stiffness and was associated with increased MMP9 and TIMP1 expression. The increase in TIMP1 appears to be compensatory to increased MMP9. Consistent with our findings, increased MMP9 and TIMP1 have been reported in pathologies such as neonatal encephalopathy (38) and aortic aneurysm (39) . In our study, Aza treatment reduced collagen deposition and also decreased MMP9 and TIMP1 expression in HHcy mice. The reduction in the wall-to-lumen ratio and RI by Aza treatment suggests mitigation of aortic ECM remodeling. Although previous studies reported no significant changes in smooth muscle contraction (by Phe; ref. 40) or endothelium independent relaxation (by SNP; ref. 41 ) between WT and HHcy mice, we saw a significant decrease in the aortic response to Phe, Ach, and SNP in HHcy mice. Consistent with our findings, Tyagi et al. (42) reported that HHcy mice showed a decreased response to a vasoconstrictor (endothelin-1) compared to that of control animals. In the present study, the impairment of vessel function suggests endothelial and smooth muscle dysfunction and vascular stiffness. Aza treatment improved vascular response to Phe, Ach, and SNP in HHcy and also reduced vessel stiffness, as indicated by reduction of collagen deposition. These observations suggest that DNMT1 inhibition improves aortic function during HHcy, thereby mitigating hypertension.
Hcy is derived from demethylation of dietary methionine. SAHH plays a major role in the synthesis of Hcy from S-adenosyl homocysteine. After synthesis, Hcy has 2 fates: transsulfuration to cysteine aided by CBS and remethylation to methionine by MTHFR in the folate metabolism pathway (15) . A prior study showed that, in HHcy, betaine Hcy methyltransferase (BHMT) and formation of 5-methyltetrahydrofolate by MTHFR are inhibited (43) . The fate of Hcy in the body is controlled by a balance between the remethylation and transsulfuration pathways. During consumption of a high-methionine diet, Hcy catabolism is increased, favoring transsulfuration over remethylation. In contrast, with a low-methionine diet, the remethylation pathway is favored compared to transsulfuration (15) . Since CBS is a key enzyme in Hcy metabolism, genetic mutations in CBS (44) and dietary deficiency in amino acids, such as methionine or taurine and vitamins (folate and B12), can affect the plasma Hcy concentrations. In a recent study by Tang et al. (45) , when WT and transgenic mice expressing human CBS were fed a low-methionine diet, the protein levels of CBS in the liver and the activity were decreased to conserve methionine levels in the body. In the transsulfuration pathway, Hcy is catabolized to yield taurine, which reduces total serum cholesterol by lowering very-low-density lipoprotein (VLDL) and low-density lipoprotein (LDL) (46) . When CBS ϩ/Ϫ mice were fed a taurine-deficient diet, there was an up-regulation of the CBS monoallele, along with a reduction in total serum cholesterol levels. These studies suggest the role of enzymes involved in Hcy metabolism, such as CBS, SAHH, and MTHFR, in maintaining plasma Hcy levels. In the present study, immunohistochemical analysis revealed upregulation of SAHH and Hcy expression and downregulation of MTHFR in aorta of HHcy mice. On treatment with Aza, there was a reduction in the SAHH expression and increase in MTHFR, suggesting increased remethylation to reduce plasma Hcy levels.
Previous reports in the literature link HHcy to both global hypermethylation (47) and hypomethylation (48) . Zhang et al. (49) showed that the effect of Hcy on methylation patterns of gene promoters is depen- dent on Hcy concentration. HHcy is known to inhibit the activity of dimethylarginine dimethylaminohydrolase (DDAH2), an enzyme involved in the NO synthase pathway that causes endothelial dysfunction. Another study reported hypermethylation of DDAH2 promoters in HHcy (49) . Also, an earlier study in our lab (50) showed increased DNMT1 expression in HHcy mice, suggesting hypermethylation. In the present study, we confirmed global hypermethylation by quantitating the percentage of 5-mC in HHcy mice. Treatment with Aza decreased the expression of DNMT1 and also reduced global methylation levels. An approach to alleviating HHcy-mediated aortic pathology is to lower plasma Hcy levels. Although folic acid supplementation decreases the Hcy level and prevents disease progression, it does not reverse the existing HHcy-induced aortic pathology, termed the Hcy memory effect (51) . The present study for the first time provides evidence that an epigenetic DNMT inhibitor can be a potential therapeutic agent in aortic diseases, independently or in combination with other therapies such as folic acid supplementation.
Summary
HHcy promotes pathological aortic remodeling and endothelial dysfunction, leading to arterial hypertension. Inhibition of DNMT1 using Aza ameliorates Hcy level and reduces high blood pressure (Fig. 11) . Aza appears to mediate its action by modifying the expression of enzymes involved in Hcy metabolism and ECM proteins to reduce vascular stiffness, thus improving vascular function.
Limitations of the study
Hypertension-induced aortic remodeling is a complex process involving enzymes that synthesize ECM components and their regulators, such as MMPs and TIMPs. This study mainly focused on the effect of the epigenetic inhibitor, Aza on ECM remodeling proteins (MMP9, TIMP1, and collagen) and Hcy metabolism enzymes (SAHH and MTHFR) in the aorta. However, as the enzymes involved in Hcy metabolism are located in the liver, further studies are needed to quantitate the specific effect of Aza on these individual enzymes. Although immunohistochemistry is a reliable method of quantitating protein expression, Western blot analysis would have been a better method; however, those experiments would require a very large tissue sample, especially of aorta. Although this study provides evidence of impairment in vascular function in HHcy mice and its improvement with Aza, understanding the mechanism by which HHcy affects promoter methylation of individual genes involved in NO synthase pathway requires elucidation. 
